Abstract during the acclimation period but the fish were fastened starting from 1 day before the trial, and 140 throughout the whole experimental period. 141 Acute exposure experiment 142 Exposure tanks consisted of double-walled 10L polypropylene (PP) buckets, each filled with 9 143 L of EPA medium-hard water and containing 5 fish of 2.63 ± 0.99 g. Two replicate tanks were 144 used per treatment and in each bucket, oxygen was provided with an air stone. In order to avoid 145 the accumulation of ammonia and other waste products, 90% of the water was changed daily. 146 To minimize disturbance to the fish, the perforated inner bucket was lifted from the outer bucket 147 and the fish and 1 L of water stayed behind in the inner bucket so that the remaining 8 L of 148 water in the outer bucket could easily be replaced after which the inner bucket was reinserted. 149 The pH (8.21 ± 0.03) and water temperature (20 ± 1°C) were monitored daily to ensure stable 150 experimental conditions. The tank water was spiked with an appropriate volume of the stock 151 solutions of CdCl2 (Merck), CuSO4.5H2O (VWR Chemicals) and ZnCl2 (VWR Chemicals), to 152 reach the desired nominal concentrations of copper (0-11 µM), cadmium (0-100 µM) and zinc 153 (0-150 µM) respectively. Water samples were taken right before and after the water renewal, 154 to analyze for the actual metal concentrations. Measured concentrations for each treatment are 155 given in Table 1 and varied for cadmium between 0.00-106.04 µM, for copper between 0.02-156 10.78 µM, and for zinc between 0.08-129.23 µM. days, too fast to detect moribund fish before death. Of the remaining 88 fish, 31 were euthanized during the course of the experiment as they were considered in severe distress, and 57 were 174 found dead, again, usually in the cadmium exposures. In a similar set-up, fish from the same batch, now weighing 15.74 ± 6.67 g were stocked in the 178 10L PP buckets and held in an acclimated room, with a starting density of 6 fish per bucket and 179 3 replicate buckets per treatment. The pH and temperature was monitored daily with a field 180 meter (Hach HQ30d) and water was renewed daily as described above. It was chosen to expose 181 the fish to control conditions and a low and a high sublethal concentration of each metal, 182 respectively 10% and 50% of the 96h LC50 obtained from the acute exposure experiment. The 183 actual concentrations (mean ± SEM) measured in the water samples were for cadmium below 184 detection limit for control, 0.018 ± 0.000 and 0.083 ± 0.002 µM, for copper 0.013±0.002 for 185 control, and 0.074 ± 0.002 and 0.333 ± 0.007 µM for exposures, and for zinc 1.477±0.714 for 186 control, 2.547 ± 0.052 and 10.765 ± 0.570 µM for exposures. Each exposure condition was 187 executed in triplicate and lasted for 7 days. On day 1, 3 and 7, six fish were sampled from each 188 exposure group (2 per bucket) for metal and electrolyte analysis. The fish were euthanized with 189 an overdose of neutralized MS222 (Sigma) and thoroughly rinsed before dissection of the gills.
190
In the final sampling, the second gill arch from the left side was collected for histological For the acute exposure experiment, whole bodies were acid digested, whereas for the subacute 195 exposure experiment the gill arches were collected for metal analysis. The samples were dried 196 at 60°C for 48 hours. They were set to cool down in a desiccator before the dry weight was 197 taken on a precision balance (Mettler AT261 DeltaRange). Next, trace-metal-grade HNO3 198 (69%, Seastar Chemicals) and H2O2 (29%, Seastar Chemicals) was added to the samples, blanks Technology). The digestion process was initiated at room temperature for 12 hours, followed 201 by a 30 minute-incubation in a hot block (Environmental Express) at 115°C. The total metal 202 content in the digested samples was determined with a quadrupole inductively coupled plasma 203 mass spectrometer (ICP-MS; iCAP 6000 series, Thermo Scientific). The calculated recoveries of the reference material were 102.67, 94.62 and 100.07% for cadmium, copper and zinc 205 respectively, which indicates an adequately high accuracy of the digestion methodology. The left second gill arch of control and 7-day exposed fish was collected for histological 209 analysis and placed in 4% aqueous formaldehyde (Sigma). The fixation period lasted for 48 210 hours, before the gills were transferred to 70% ethanol. Samples were later dehydrated in a 211 graded ethanol series with an automatic tissue processor (Leica TP 1020), cleared in xylene, 212 embedded in paraffin and subsequently sectioned transversely at nominal thickness of 5 μm.
213
Slides were stained with a linear stainer (Leica ST4040) using hematoxylin and eosin (H/E) 214 (Bancroft and Stevens, 1977) . Micrographs presented in the paper were taken with a Leica DM 215 LB microscope equipped with a Leica DFC 295 camera. where "e" represents the LC50, "b" is the slope around e, and c and d are the respectively the 256 lower and upper limit. The exposure concentrations initially selected based on literature data resulted in high 261 mortalities within the first 4 days of exposure. Therefore, additional tests were set up at lower concentrations to gather reliable toxicity data, which did end up in 11 tested concentrations for 263 copper, 14 for cadmium and 8 for zinc (Table 1) . The copper and zinc tests induced clear dose-264 dependent mortality, where the higher concentrations caused 100% mortality for all the fish, 265 while the tanks spiked with lower doses of the metals, were characterized by intermediate to 266 zero mortality (Fig. 1) . In contrast, 12 out of the 14 tested concentrations for cadmium caused 267 90-100% mortality in the tanks, while the lowest 2 concentrations did not result in any dead 268 fish over the entire experimental period. The fit of the four-parameter logistic model to the 269 mortality data is presented in Figure 1 , and the lack-of-fit test resulted in a p-value of 0.670 270 which indicates that the model is reliable to describe the dose-response relationships. to be significantly different. In contrast, there was a significantly (p=0.001) higher cadmium 293 content measured in the fish which died after the cadmium exposure (0.26 ± 0.03 µmol/g DW) 294 compared to the survivors (0.05 ± 0.02 µmol/g DW).
In a second analysis a concentration dependent uptake rate was calculated, where the 296 accumulated metal content was corrected for the duration of exposure which obviously differed 297 depending on the time of mortality. For copper exposures, copper uptake rate is very low and 298 similar (0.0002-0.0008 µmol/g DW/h) for the 6 lowest exposure concentrations (0.2-2.2 µM).
299
Starting from an exposure dose of 4.4 µM copper, the uptake rate starts to increase, with the 300 highest rates observed for the fish exposed to 11 µM copper (Fig. 3a) . The fish exposed to 301 different concentrations of cadmium showed a similar pattern in uptake with a minimal increase 302 (0.00-0.002 µmol/g DW/h) for the 9 lowest concentrations, and a notable rise in uptake rate 303 starting from an exposure concentration of 40 µM (Fig. 3b ). The fish exposed to zinc did not 304 show such a concentration dependent increase in uptake rates (Fig. 3c ). All calculated uptake 305 rates were within the same range (0.10-0.52 µg/g DW/h), except for the fish exposed to 10 µM 306 (0.002 µmol/g DW/h) and 20 µM (0.004 µmol/g DW/h) of zinc. At the start of the experiment cadmium was not detectable in the fish gills, whereas the copper 310 and zinc content was respectively 0.08 ± 0.006 µmol/g and 16.45 ± 1.19 µmol/g dry weight. A 311 time-and concentration-dependent increase in copper accumulation in the gill tissues was seen 312 as a result of waterborne copper exposure (Fig. 4a ). At day 1 and 3 only the fish exposed to the 313 high copper concentration (50% of 96h LC50) did accumulate significant higher levels of copper treated groups accumulated on average 0.09 ± 0.01 and 0.27 ± 0.02 µmol cadmium per gram of 329 dry gill tissue which corresponds to a net uptake rate of 0.0005 and 0.001 µmol/g DW/h 330 respectively.
331
The variation in zinc content of the gills of the carp juveniles was rather high during the entire 332 experiment (Fig. 4c) , also for the fish which were not exposed to zinc. No significant differences 333 in zinc accumulation could be observed as a result of the treatment. It is only at day 7 that the 334 expected trend starts to take shape with small, but dose dependent differences in zinc 335 accumulation among treatment groups. The fish exposed to the lowest and highest dose had the zinc-exposure, nor the cadmium exposure did reveal any significant correlation between 349 accumulated metals and gill electrolyte levels.
350
Histopathological alterations found in gills of common carp (Table 4) 
397
Further, physical parameters like pH and temperature are also known to influence the 398 bioavailability and uptake rate of metals, which might contribute to differences in lethal 399 concentrations with previous studies (Blust 1988; Furuta et al. 2007 ).
400
In toxicology, a 96-hour exposure experiment is the most common procedure to evaluate the 401 toxicity of a particular compound. Yet, this time span has been debated within the scientific 402 community, as some studies show that the concentration below which 50% of the fish will 403 survive, cannot be determined after only 4 days of exposure (Hasan and Macintosh 1986; De dependent. The results suggest that in our copper experiment, the classic 4-day exposure period Hypertrophy of secondary lamellae and their tips occurred in the Cu50 group similar to what 439 was seen in common carp exposed to 1.72 µM Cu (De Boeck et al. 2007) , and the Cu50 group 440 showed the highest level of semiquantitative scores. However, the Cu10 displayed higher levels 441 of hyperemia, a consequence of an increase in blood flow caused by vasodilation of gill arteries, 442 leading to a higher gill index. This physiological adaptation is characteristic for the second 443 phase of the stress response (Harper and Wolf 2009) and could point out to an adaptation phase 444 in fish exposed to lower levels of copper. It is widely accepted that copper has a damage-repair 445 mode of action and that deleterious effects are the most pronounced from 4 to 24 h following 
458
Hyperplasia of mitochondria rich cells, rich in Na + /K + -ATPase, as well as mucous cells occurs 459 as a compensatory mechanism for the loss of ion uptake capacity (Pratap and Wendelaar Bonga presented as mean values ± SD; tissue alterations were scored as follows: 0 = none, 2 = mild, 4 = 819 moderate and 6 = severe; mean values followed by different superscript letters in the same row were 820 significantly different (either one-way ANOVA, followed by Tukey`s HSD test or Kruskal-Wallis test, in 821 both cases p < 0.05); IF -importance factor; RP -reaction pattern: C -circulatory changes, P -progressive The trend in lethal level for 50% of common carp juveniles ((LC50) for the three metals copper 831 (a), cadmium (b) and zinc (c) tested over a time span of 10 days (240 hours). 832 Figure 3 Metal uptake rate (mean ± SE) during the 240 hours toxicity screening test for the different 835 exposure concentrations (in µM), for copper (a), cadmium (b) and zinc (c) exposure. The total metal 836 content (in µg/g dry weight) measured in the whole body is corrected for the average value of the 837 respective metal in the control fish. The y-axis expresses the uptake rate in hours of exposure with error 838 bars as standard error of mean. 839 Figure 5 Micrographs of some of histopathological alterations found in the gills of common carp in the 850 present study: a) normal tissue structure (H/E x200); b) note the extensive hyperemia on secondary 851 lamellae at the left side of primary filament (H/E x400); c) hypertrophy of squamous epithelial cells 852 (arrows); compare thickness of these cells to non-pathological cell (arrowhead). Furthermore, note the 853 size of the nuclei in both type of cells (H/E x1000); d) disturbed architecture of secondary lamellae: 854 curling and fusion (H/E x100); e) oedema of primary filament (H/E x200); f) total rupture of epithelium 855 leading to necrosis (H/E x400). 856
